Introduction
The mean state of the Earth's rotation consists of one revolution per day around an axis which is tilted by about 23.5 • compared with a vector normal to the ecliptic. Deviations from this mean state are described by the Earth rotation parameters (ERP). Deviations of the rotation period are called length of day (LOD) changes. Deviations in the tilt of the axis are called polar motion (PM). In the absence of external torques, these deviations are solely generated by terrestrial movements of mass. Mass movements may generate significant relative angular momentum or may change the Earth's tensor of inertia or both. The consequences are changes in the ERP. Therefore, the ERP observations contain superposed information about changes in Earth's mass movements and distribution. We aim to extract and separate this information via data assimilation.
The errors of ERP measurements are below one milliarcsecond for polar motion and a few microseconds for LOD anomalies (Gambis, 2004) . In our study, we focus on information about the ocean, more precisely on the connection between LOD changes and oceanic processes.
The seasonal excitation of LOD change is dominated by the atmosphere (Rosen and Salstein, 1991) . Longer time scales are dominated by very strong signals which are presumed to be caused by Earth's core and mantle (Gross et al., 2005; Pais and Hulot, 2000) . Therefore, before assimilating ERP into an ocean model, the influences of non-ocean Earth-systems have to be removed.
It is well known that assimilation of hydrological and oceanic data leads to better ERP estimates in models of land and ocean (Ponte et al., 2001; Chen, 2005) . On the contrary, the assimilation of ERP observations itself, as presented here, is a very recent field of research. This approach can help to solve the problem that estimations of ocean angular momentum based on ocean circulation models are often much smaller than estimations based on observations (Ponte and Stammer, 2000; Chen, 2005) .
The common approach to Earth rotation excitation follows Barnes et al. (1983) :
The m i describe very small perturbations of the Earth's mean angular velocity vector and can be identified with polar motion (m 1 , m 2 ) and length of day changes (m 3 ). The complex valued Chandler-frequency is symbolized by σ ch . The absolute value of Earth's mean angular velocity is Ω.
The right-hand sides of (1)-(3) consist of the so called angular momentum functions χ i . They force the deviations from the mean Earth rotation state. The angular momentum functions are called effective if they are written down in a form which accounts for loading and rotational deformation of the Earth's mantle (Barnes et al., 1983; Munk and MacDonald, 1960) . Since this paper concentrates on LOD, only the axial effective angular momentum function is stated explicitly:
Here ∆J 33 describes small deviations in the respective component of Earth's tensor of inertia J. The deviation in relative angular momentum ∆L r3 results from zonal mass movements relative to the rigid body rotation of the Earth, i.e., zonal ocean currents. The remainder of this paper is structured as follows. The assimilation method is described in section 2. The used ocean model is characterized in section 3. The results of the OAM-assimilation experiments are presented and discussed in section 4. We close with a summary in section 5.
Data assimilation method
An 4D-Var adjoint assimilation method is used to bring the angular momentum functions ( χ mod ) of our ocean model closer to the corresponding observed values ( χ obs ). The term "close" is thereby equivalent to the minimization of a quadratic, error (W W W ) weighted cost function (J):
To minimize J the adjoint method alters a subset of the model parameters (Le Dimet and Talagrand, 1986 ). An adjoint version of our ocean model (see Sect. 3) calculates the gradient of the cost function J with respect to the models parameters. An iterative, quasi-Newtonian minimization algorithm was used to find a minimum of J (Gilbert and Lemaréchal, 1993) . Despite the parameter change, the modeled physical laws remain unaffected by the minimization. Therefore, the result is a state estimate of the ocean which is entirely consistent with the model equations. Within this study the models control vector, i.e., parameters which are altered to minimize J, were the following: initial ocean state (i.e., velocities, temperatures, salinities and sea surface elevations) and the surface fluxes for every time step (i.e., heat, freshwater and momentum). The derivation of W W W is described in the following section. A more detailed description of the utilized assimilation procedure, the ocean model, the control parameters and the additional assimilation of oceanographic data can be found in Wenzel and Schröter (2007) . We use here exactly the same approach as in Wenzel and Schröter (2007) with the only exception that we assimilate earth rotation parameters instead of sea level observations.
Model and data description
For the presented study we used a mass conserving version of the Large-Scale Geostrophic ocean model (LSG, Maier-Reimer et al., 1993) . Following Greatbatch (1994) the mass conservation of this Boussinesq model is achieved by the modification of the sea level elevation. In contrast to Greatbatch (1994) , who proposed a globally uniform modification of the sea level, we used the local mass correction described in Wenzel and Schröter (2007) .
The LSG is a 23-layer global circulation model with a horizontal resolution of 2.1 • . Due to its implicit formulation this ocean model is stable even with a large time step of several days. The temporal resolution was chosen to be 10 days. In this configuration the ocean model is fast enough for the huge amount of iterations needed by the utilized assimilation procedure.
The LSG forcing consists of heat, freshwater and momentum fluxes which were derived from the respective datasets of NCEP/NCAR (Kistler et al., 2001 ). These datasets were decomposed into the leading 50 empirical orthogonal functions (EOF). Only the amplitudes of these EOF are allowed to change during the assimilation process. Due to the time step of 10 days the inverse barometer (IB) approximation can be used (Ponte, 2006) . Therefore, no atmospheric pressure forcing is applied.
The assimilated effective ocean angular momentum functions (OAM) were derived as follows from the daily C04 ERP observations of the IERS (Gambis, 2004; Vondrak and Richter, 2004) . The conversion of ERP measurements into angular momentum functions followed Gross (1992) . The resulting three-component angular momentum functions describe the excitations from the whole Earth. Therefore, non-oceanic signals had to be removed before the assimilation. To this end, the IB atmospheric angular momentum functions (AAM) of the ECMWF's ERA-40 atmosphere reanalysis (Uppala et al., 2005) were calculated and subtracted (Dobslaw et al., 2010) .
The reason for additionally including the freshwaterflux into the control vector is its large importance for ocean mass and the fact that it is poorly estimated by the atmospheric reanalyses (Trenberth and Smith, 2005; Hagemann et al., 2005) .
The ERP were further corrected for the land hydrology. Here, the Hydrological Discharge Model (HDM) of Hagemann and Dümenil (1998) was utilized. The HDM model parameterizes surface flow, river flow and ground water. Runoff delays lead to variable water mass storage. The model contains an extended land-surface scheme which simulates soil moisture variations, evaporation and snow accumulation (Dill, 2008) . This model realistically reproduces annual mean discharge (Dobslaw and Thomas, 2007) as well as the seasonal variations of the land hydrology (see fig. 3 ). The axial effective HDM angular momentum is plotted in Fig. 1 . The annual LOD amplitude is 0.1 ms and in good agreement with the CDAS-1 hydrological model of Chen et al. (2000) which also includes soil-moisture and snow accumulation. The polar motion excitation of the HDM model is also in good agreement with published results, e.g., Chen and Wilson (2005) (not shown, see Dobslaw et al., 2010) . The excitation of Earth rotation anomalies originating in the Earth's core and mantle was filtered out by a highpass filter with a cut-off frequency of 1.5 years. The remaining residuum was resampled on the model time step and describes to a large extent the ocean angular momentum on monthly to annual time scales. To ensure consistency, the highpass filter was also implemented in the ocean models OAM observation operator. The same applies for the adjoint observation operator.
The biggest error in this projection comes from the uncertainty in the modeled atmospheric angular momentum (Masaki, 2008) . A comparison of monthly AAM from ERA-40 with the respective NCEP/NCAR product reveals:
The variances of uncertainties in the angular momentum functions derived from the ERP observations are comparatively small: 3.6 × 10 −19 ,3.5 × 10 −19 ,1.2 × 10 −19 . The entries of (6) were used as weights W W W in equation (5). Since the contribution from land hydrology to the projection is very small the respective errors were neglected here. This is especially true for the LOD component where the atmosphere accounts for 80-90% of the observed variance (Hide and Dickey, 1991) .
To ensure a reasonable model state as far as oceanographic features are concerned, additional oceanographic data were assimilated. These constraints consist of the following datasets: climatological profiles of salinity, temperature and velocity anomalies (Gouretski and Koltermann, 2004; Chapman, 1998) ; climatological means of the same quantities derived from the world ocean atlas (WOA, Conkright et al., 2002) ; monthly sea surface temperatures (Reynolds et al., 2002) ; quarterly temperatures of the upper ocean layers (0-750 m, Willis et al., 2004) ; mean internal transports of ocean mass and heat (Wijffels et al., 1992; Siedler et al., 2001 ). All datasets were interpolated onto the model time step of 10 days. For more details on these datasets please see Wenzel and Schröter (2007) .
Results and discussion
As already mentioned the following analysis focuses on LOD. The ocean model state nonetheless was simultaneously fitted to the observations of PM, LOD and oceanographic measurements (see Sect. 3). To evaluate the enhancement due to the OAM-assimilation, we use a reference experiment that assimilates only the oceanographic datasets. The reference experiment and the OAMassimilation experiment show realistic oceanographic behavior as was verified. e.g., by their meridional overturning circulations and their heat-content (not shown). Figure 2 shows the effective axial ocean angular momentum function, i.e., the function which governs the LOD excitation. Compared to the reference experiment (red) the misfit between observation (black) and the model after OAM-assimilation (blue) is small. The reference experiment shares phase and frequency of the observation's annual cycle, but shows a too small variance on all frequencies. The OAM-assimilation experiment follows the observations more closely. The rms of the misfit between model and observation reduces from 5.7 ×10 −10 to 1.0 ×10 −10 . This shows the potential of the presented assimilation procedure, but reveals also a limiting factor of the whole study. Compared to the square-root of equation (6), the achievable rms-values are already below the estimated uncertainty of the utilized AAM data. This means that the assimilated datasets do not contradict the modeled physics or each other. An overfitting of the ERP residuum does not raise the costs in other parts of the cost function (J). We conclude that given a more precise AAM time series the procedure would work equally well. For the polar motion excitation the results are similar (not shown). The simultaneous reproduction of oceanographic data and all three ERP-components provides further evidence for the capabilities of the world oceans to generate sufficient angular momentum anomalies to explain the non-atmospheric ERP-residuals (e.g., Gross, 2000; Seitz et al., 2004) . phases and the amplitudes of other frequencies are reproduced to a lesser extent. The additional assimilation of OAM observations, as shown here, reproduces the phase and amplitude of all assimilated frequencies.
The good reproduction of the LOD-observations in the assimilation-experiment is mostly due to an altered surface freshwater-flux compared to the reference experiment (Fig. 3) . The annual freshwater cycle of the OAMassimilation experiment was increased by the assimilation procedure to reproduce the higher annual LOD-variance. The total mass of the combined system of atmosphere, ocean and land hydrology should be conserved. To assess this point we included the land hydrology model, HDM, which we used for the reduction of ERP-observations into the comparison of the freshwater cycle. The reference experiment (red) and the HDM (black) show a comparable annual cycle (rms = 0.6 ×10 15 kg). The OAM-assimilation experiment (blue) has a significantly larger annual amplitude. These differences between land hydrology-and ocean model have to be evaluated with respect to the atmosphere. Estimates based on reanalyses-data of the mean annual change in global atmospheric water vapor range from 1.2 ×10 15 kg to 1.5 ×10 15 kg (Trenberth and Smith, 2005) . The differences between the OAM-assimilation experiment and the HDM-runoff have a rms of 2.0 ×10 15 kg and exceed the value of Trenberth and Smith (2005) . Even more, not all of the 1.5 ×10 15 kg are supposed to be stored in the ocean. But Trenberth and Smith (2005) argue also that the storage of water vapor in the atmosphere can be up to 0.5 ×10 15 higher during ENSO events. In the end, these estimates are based on atmospheric reanalyses which showed serious problems in mass balance and freshwater flux (e.g., Hagemann and Gates, 2001; Trenberth et al., 2007) .
To study this question further we compared our experiments with independent oceanographic observations. We will show that oceanic properties that are not assimilated profit from the OAM-assimilation as well. Furthermore, this will give arguments in favor of the altered freshwaterflux in the OAM-assimilation experiment. In Fig. 4 the global mean sea level from TOPEX/Poseidon and Jason satellite altimetry (T/P, Leuliette et al., 2004 ) is plotted. Again, the reference experiment (red) shares only phase and frequency of the annual cycle with the observations (black) but the variance is too small. Although the global mean sea level was not assimilated the OAM-assimilation experiment (blue) fits the observations better. The rms of the misfit between model and observation reduces from 3.4 to 3 mm. Variance, phase and shape of the peaks are better reproduced. Even characteristic sea level deviations like the 1997/1998 El Niño are visible in the OAMassimilation time series (see also Yan et al., 2002) . In our experiments, the steric contributions to the global mean sea level have a standard deviation of 1.6 mm in the reference experiment and 2.2 mm in the OAMassimilation experiment. In contrast to the altimeterbased estimates from Willis et al. (2008) our steric sea level time series show a less clear annual signal and have smaller variance. As the temporal evolution of steric sea level contributions of the two experiments are very similar (dashed lines, Fig. 4 ) the better sea level agreement of the OAM-assimilation experiment has to be due to eustatic sea level change. This is in agreement with the higher freshwater-flux of the OAM-assimilation experiment which accounted also for the better LOD agreement (Fig. 3) . This close connection of annual LOD and sea level is well known (Chen et al., 2000) . While in Chen et al. (2000) an WOA-based estimate of the steric sea level was subtracted from the T/P-sea level observations our approach directly assimilates, among other temperature and salinity data, WOA-temperatures also. Not surprisingly, the results are comparable. However, as was discussed in Vinogradova et al. (2007) the relationship between OAM and sea level depends on the considered temporal and spatial scales. It becomes evident by comparing Fig. 4 with Fig. 2 that the assimilation of T/P-observations, as done in Ponte et al. (2001) , enhances the modeled OAM even if OAM observations are not assimilated. The annual component will benefit most. Non-annual frequencies will not improve as much from the T/P-assimilation.
To understand in detail the generation of the oceanic LOD excitation in the OAM-assimilation experiment the summands of equation (4) are plotted separately (Fig. 5) . The contribution from relative angular momentum (∆L r3 , green) is small. The oceanic LOD excitation is dominated by changes in the tensor of inertia (∆J 33 , orange). Changes in the tensor of inertia can be caused by changes in ocean total mass and by changes in ocean mass distribution. To distinguish both, we plotted the OAM contribution from total ocean mass (dots in Fig. 5 ). The total ocean mass anomaly is a function of the boundary freshwater-flux alone. Therefore, in the mass conserving LSG this contribution was computed by integrating the oceans surface freshwater-flux and assuming a globally uniform response in ocean bottom pressure. Since local pressure anomalies are globally equilibrated by, very fast, gravity waves this assumption is valid as far as our 10-day time step is concerned. On the considered monthly to annual time scales the changes in ∆J 33 , that is the part of the tensor of inertia which contributes to the LOD excitation, result mostly from changes in total ocean mass (see also Fig. 3 ). The fraction of ∆J 33 which is not explained by total ocean mass change is small (misfit between dots and orange line) and must be attributed to spatial redistribution of ocean mass. This result seems to contradict Ponte and Stammer (2000) , who use an ocean model with constant mass and still show a good coherence between ERP-residuals and OAM. But first, they state that their modeled OAM estimates are coherent, but substantially smaller than the residual ERP-observations and second, their ERP-reduction contains no land hydrology. Since ocean and land mass changes can cancel out (Chen et al., 2000) both statements could be true. A fraction of the small-amplitude ERP-AAM residuum can be explained with ocean mass redistribution while the large-amplitude ERP-(AAM+HAM) residuum can only be explained with global ocean mass change. We argue that for the reproduction of the right amplitude of oceanic LOD excitation an ocean model with free surface is necessary.
Summary
Effective angular momentum functions were calculated from ERP observations and were filtered for non-oceanic contributions. The residuum was assimilated into a global circulation model of the ocean. The successful reproduction of the three angular momentum components was done for the first time. In this paper, we show the implications for oceanic LOD excitation.
From the resulting ocean model trajectory the following conclusions could be drawn. Oceanic LOD excitation is to a large extent caused by changes in the oceanic tensor of inertia. These anomalies are generated via total ocean mass change. Changes in the ocean mass redistribution contribute only little to oceanic LOD excitation. The changes in the oceanic current system play also a minor role in oceanic LOD excitation. Further, it could be shown that the observed OAM can be used as proxy for the global mean sea level. At least on seasonal time scales the assimilation of the former determined the latter to a large extent. It turned out that the limiting factor for all this studies is the accuracy of the atmospheric excitation functions.
The ocean is also well able to excite substantial ERP signals on time scales both longer and shorter than considered here (Ponte and Ali, 2002; Landerer et al., 2007) . Therefore, our next studies will utilize an ocean model with higher temporal resolution. We try to exchange the applied highpass filter with modeled data of Earth's core and mantle which became available only recently. Thus, it would be possible to study long-term variations of the global mean sea level also. We can summarize that the assimilation of Earth rotation observation has proved its potential and is currently only limited by the errors incorporated in the projection of Earth rotation observations onto ocean angular momentum.
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